Introduction: In children with hypertrophic cardiomyopathy (HCM) there often occurs a non-ischemic pattern of myocardial fibrosis, which could be the cause of impaired left ventricular (LV) diastolic function assessed by tissue Doppler imaging (TDI). The aim of the study was to determine the prevalence of myocardial fibrosis in children with HCM, and to evaluate its relationship with echocardiographic parameters including LV diastolic dysfunction. Material and methods: Sixty-three children with HCM, mean age 12.2 ±4.5 years, underwent magnetic resonance imaging (MRI) and echocardiographic study from January 2010 to April 2014. The results of MRI, echocardiography, and TDI velocities were analyzed and compared between children with and without myocardial fibrosis. Moreover, correlations between the results of echocardiography and MRI were assessed. Results: Our results showed a significant correlation between magnetic resonance and echocardiographic measurements of septal wall thickness, posterior wall thickness, LV mass and left atrial dimension. Children with myocardial fibrosis (60%) had a significantly thicker interventricular septum (21.3 vs. 1.8 mm; p < 0.0001) and larger left atrial dimension (36.7 vs. 27.8 mm; p = 0.0004) and volume index (42.0 vs. 26.6 ml/m²; p = 0.0011). Tissue Doppler imaging demonstrated significantly decreased lateral E' (9.02 vs. 13.53 cm/s; p < 0.0001) and septal E′ (7.05 vs. 9.36 cm/s; p = 0.0082) velocities and a significantly increased transmitral lateral (10.34 vs. 6.68; p = 0.0091) and septal (13.1 vs. 9.8; p = 0.046) E/E′ ratio in children with myocardial fibrosis. Conclusions: Myocardial fibrosis in children with hypertrophic cardiomyopathy was associated with markers for disease severity such as larger septum thickness, enlargement of the left atrium as well as impairment of left ventricular diastolic function. Tissue Doppler imaging is a helpful tool to detect the presence of left ventricular diastolic dysfunction in children with hypertrophic cardiomyopathy and myocardial fibrosis.
Introduction
Hypertrophic cardiomyopathy (HCM) is a relatively common genetic cardiac disease, accounting for 42% of childhood cardiomyopathy [1] . The severity of cardiac hypertrophy, etiology, as well as the clinical course of HCM in children is varied, resulting in a large spectrum of clinical and phenotypic expression [2, 3] . Many patients develop symptoms of breathlessness due to diastolic dysfunction which is largely independent of the severity of left ventricular (LV) outflow tract obstruction [4] . As patients with HCM frequently demonstrate a non-ischemic pattern of myocardial fibrosis, this may represent a mechanism for increased myocardial stiffness leading to impaired diastolic filling [5] . Magnetic resonance imaging (MRI) with late gadolinium enhancement (LGE) can detect a small and focal myocardial fibrosis [6] . Magnetic resonance imaging has been widely accepted for detection of myocardial fibrosis, which has been implicated as a factor in cardiovascular events and LV function [7] . Recently, echocardiographic modalities such as tissue Doppler imaging (TDI) have become a sensitive measure of diastolic ventricular dysfunction. They are relatively load independent and can reliably determine the degree of LV diastolic dysfunction, which affects the clinical course in children with HCM [8] .
The aim of this study was to determine the prevalence of myocardial fibrosis assessed by MRI in children with HCM and to evaluate its relationship with echocardiographic parameters including LV diastolic dysfunction.
Material and methods

Study patients
Sixty-three children with HCM hospitalized in the Department of Pediatric Cardiology underwent MRI between January 2010 and April 2014. Criteria for inclusion in the study were age < 18 years at the time of diagnosis and echocardiographic evidence of myocardial hypertrophy defined as a diastolic septal thickness or LV diastolic wall thickness z-score > 2 (determined as more than two standard deviations from the mean value for the population indexed to the body surface area), in the absence of hemodynamic conditions that could account for the observed hypertrophy. The study was reviewed and approved by the Institutional Ethics Committee. Individual informed consent was obtained.
Data collection
Patients' demographics, clinical symptoms (dyspnea on exertion, syncope, chest pain), arrhythmias, heart failure, family history of HCM and sudden cardiac death (SCD) as well as the results of echocardiography, MRI, resting 12-lead and 24-h Holter electrocardiography were collected.
Family history of SCD was defined as one or more cardiac death in first-degree relatives of < 40 years of age with or without a diagnosis of HCM or SCD in first-degree relatives with confirmed hypertrophy at any age [9] . Unexplained syncope was defined as unexplained transient loss of consciousness at or prior to first evaluation. Two-dimensional, conventional pulsed Doppler, TDI and M-mode echocardiography were performed at rest using standard methods (ultrasound machine iE 33, Philips, Healthcare). Echocardiographic measurements included septal wall thickness (SWT) and LV posterior wall thickness (LVPWT) (mm, z-score), left atrial (LA) size (mm, z-score), LA volume indexed to the body surface area (BSA) and presence of LV outflow tract obstruction (LVOTO). LVOTO was considered present when a peak instantaneous outflow gradient of ≥ 30 mm Hg was calculated with continuous-wave Doppler echocardiography at rest. Left atrial dimension was measured at end-systole as the antero-posterior linear diameter from the parasternal long-axis view. Left atrial enlargement was defined as a z-score > 2. Left atrial volume and LV mass were determined by the truncated ellipsoid method and M-mode, respectively, for each patient and were indexed to BSA. The SWT, LVPWT in diastole, and LA dimension were evaluated for each patient and compared with the reference values indexed for BSA as stated in the literature [10] using the calculator available online [Kapmann et al. Heart 2000 parameterz.com]. Z-scores for the SWT, LVPWT and the LA dimension were calculated using the formula for z-scores as reported in the literature [11] . Hypertrophic cardiomyopathy was diagnosed when the diastolic septal thickness or left ventricular diastolic wall thickness gave a z-score > 2 (determined as more than two standard deviations from the mean value for the population indexed to the body surface area), in the absence of hemodynamic conditions that could account for the observed LV hypertrophy [9] . Left atrial volume was considered increased when the value was > 28 ml/ m². Impaired LV diastolic function was defined as mild when the LA volume was 29-33 ml/m², moderate when it was 34-39 ml/m², and severe when it was > 40 ml/m² [12] . Conventional pulsed Doppler was used to record the mitral inflow pattern at the leaflet tips in the apical 4-chamber view. Peak velocities of E and A waves (cm/s) and their ratio (E/A) were measured. Velocity of E and A waves as well as E/A ratio were evaluated for each patient and related to the reported normal values [13] . Z-scores of the above parameters were calculated using previously reported formulas [11] . The TDI was obtained from an apical 4-chamber view to receive longitudinal annular velocities at the lateral mitral wall and septum. Early diastolic (E′) and late diastolic (A′) tissue Doppler velocities (cm/s) were measured at the mitral lateral and septal walls and subsequently averaged over 3 cardiac cycles. Transmitral E/E′ ratios (lateral and septal) were calculated for each patient. Velocities of E′ and A′ and the E/E′ ratio were evaluated for each patient and compared with previously reported normal values [13] . Z-scores of E′ and A′ velocities and the E/E′ ratio were calculated using the calculator available online [Eidem et al. JASE 2004 parameterz.com] . The values of E and A waves, E/A ratio and tissue Doppler parameters were considered abnormal if they were decreased or elevated as compared to normal values for a certain age. Twenty-fourhour Holter monitors were reviewed to determine the incidence of significant arrhythmias. Nonsustained ventricular tachycardia was defined as ≥ 3 consecutive ventricular extrasystoles at a rate of ≥ 120 beats/min lasting < 30 s during Holter monitoring [9] . Electrocardiograms were reviewed and all abnormalities were documented.
Magnetic resonance imaging was performed on a 1.5 T scanner (Siemens, Germany). Cine images were acquired with steady-state freeprecession technique (trueFISP; slice thickness 8 mm) in three long-axis planes and contiguous short-axis slices (trueFISP; slice thickness 8 mm, 2 mm gap) from the atrioventricular ring to the apex. An intravenous bolus of 0.1 mmol/kg of gadobutrol (Gadovist, Schering, Berlin, Germany) or gadodiamide (Omniscan, GE Healthcare, United Kingdom in patients below 2 years of age) was then given and late gadolinium images were acquired in the same planes after 10 min, with a breath-hold segmented inversion-recovery sequence (inversion time: 280-400 ms). Global LV function was analyzed using commercially available software by manual tracing of endocardial and epicardial contours (Argus, Siemens Medical Solutions, Germany). The following parameters (indexed to BSA) were calculated: LV end-diastolic volume index (ml/m 2 ), LV end-systolic volume index (ml/m 2 ), LV ejection fraction (%), LV mass index (g/m 2 ). End-diastolic septal and LVPWT was measured in the short axis (mm). Left atrial dimension was measured in the LV outflow tract view in systole and its enlargement was defined as a z-score > 2. The presence of left ventricular LGE was determined using visual assessment by two independent observers and quantified as mild (discrete limited LGE seen in up to two successive short axis slices), moderate (well-defined LGE seen in at least two successive short axis slices) or severe (extensive, well-defined LGE in multiple short axis slices).
Methods of analysis
All children were divided into a group with myocardial fibrosis by MRI and a group without fibrosis. The results of echocardiography and tissue Doppler studies were analyzed and compared between the two groups.
Statistical analysis
Statistical analysis was performed using MedCalc statistical software (version 12.4, MedCalc Software, Ostend, Belgium). Results are presented as mean values ± standard deviation. Nominal variables are expressed as the number of subjects and the percentage in the analyzed group. Comparisons of echocardiographic parameters between patients according to presence or absence of fibrosis as detected by late gadolinium enhancement MRI were made with the unpaired t test or χ 2 test for continuous and categorical data respectively. Pearson's correlation coefficients were calculated for selected paired echocardiographic and corresponding MRI parameters.
Results
Clinical and demographic data
Sixty-three children with HCM were included in the study. The mean age at diagnosis of the disease was 6.2 years (range from 0.01 to 17 years), and the mean age at MRI and tissue Doppler study was 12.2 years (range from 1.4 to 17.9 years). Fifteen (23.8%) patients had a family history of SCD and 29 (46%) subjects had a family history of HCM. Thirty-six (57%) children were in NYHA class II, and 7 (11%) were in NYHA class III/IV. Altogether, 37.9% of patients presented with clinical symptoms such as syncope (7.9%) or chest pain (30%). In 4.8% of children nonsustained ventricular tachycardia on 24-h Holter electrocardiography was observed. Fifteen (23.8%) patients had LV outflow tract obstruction with a peak systolic pressure gradient of above 30 mm Hg. Sixty (95%) children were treated with β-blockers and 3 (4.8%) with calcium channel blockers. Baseline characteristics of the study group are presented in Table I .
Magnetic resonance imaging findings and their correlation with echocardiographic parameters
Magnetic resonance imaging was successfully completed in all 63 patients. The results are summarized in Table I . In the MRI study maximum SWT was higher than in echocardiography (p = 0.02, mean z-score 13.4 vs. 10.1, respectively), while LV mass indexed to BSA and LA dimension were smaller in comparison to results of echocardiography (p = 0.0006, 100 vs. 149 g/m² and the mean z-score 0.6 vs. 1.7, respectively). Myocardial fibrosis (MF) was observed in 38 (60%) children. Among them 27 patients had mild myocardial fibrosis, 7 patients had moderate MF and 4 patients were found to have severe MF. In the majority of studies MF was observed in the insertion points (17) and/or ventricular septum (17) . In the remaining subjects (7) MF was found in the lateral wall or papillary muscles. Subendocardially-based myocardial fibrosis, consistent with ischemic scarring, was not observed (Figures 1 A-C) .
We found a very good correlation between MRI and echo measurements of the maximum septal wall thickness (r = 0.81, p < 0.0001), as shown in Figure 2 .
There was also a significant positive correlation between the above two modalities in the assessment of the maximum LVPWT, LV mass and LA diameter (r = 0.64, p < 0.0001; r = 0.66, p < 0.0001; r = 0.72, p ≤ 0.0001, respectively).
Echocardiographic and tissue Doppler findings in patients with and without myocardial fibrosis
Based on MRI findings, children were classified as either patients with myocardial fibrosis according to MRI (n = 38; 60%) or without fibrosis (n = 25; 40%). The comparison of the echocardiographic variables, including tissue Doppler velocities, between patients with and without myocardial fibrosis is presented in Table II .
Children with myocardial fibrosis had a significantly thicker interventricular septum (p < 0.0001), larger LA dimension (p = 0.003) and higher LA volume index (p = 0.001) compared to patients without fibrosis. Left ventricular diastolic dysfunction determined by the increased volume of the LA was observed significantly more frequently in children with myocardial fibrosis (p = 0.0004). Moderate LV diastolic dysfunction (LA volume index between 34 and 39 ml/m²) or severe diastolic dysfunction (LA volume index > 40 ml/m²) was diagnosed in 33% of patients with and in 3% of children without fibrosis (p = 0.0036). Of the 63 analyzed patients, in 5 moderate mitral insufficiency was present, and in the remaining children mitral insufficiency was a trace, hemodynamically insignificant or absent. All patients with moderate mitral insufficiency were in the group with MF. If we excluded them from the analysis, LA volume indexed to the BSA was 37.7 ±18 ml/m² in the MF group and 26.6 ±7.3 ml/m² in the group without MF (the difference was still statistically significant, p = 0.0054).
LVOTO with gradient > 30 mm Hg at rest occurred significantly more often in patients with myocardial fibrosis (p = 0.0036). There were no Tissue Doppler velocity at the late diastolic lateral A′ was lower in children with myocardial fibrosis, although this difference was not significant (p = 0.14). However, septal A′ velocity was significantly decreased in patients with fibrosis (p = 0.027). Transmitral lateral and septal E/E′ ratios were significantly increased in children with myocardial fibrosis (p < 0.0001 and p = 0.027, respectively).
Discussion
Correlation of echocardiographic and MRI parameters
Hypertrophic cardiomyopathy is characterized by LV hypertrophy with a subsequent increase in LV mass and in some patients with LA enlargement. Echocardiography remains an essential first-line test in these patients. The purpose of our study was to compare the diagnostic ability of echocardiography with MRI and to assess the additive clinical value of MRI in children with HCM. Our results showed a significant positive correlation between MRI and echocardiography measurements of the maximum SWT, maximum LVPWT, LV mass and LA dimension. However, differences between MRI and echo measurements of peak wall thickness and LA dimensions were noted. In our study MRI provided better spatial resolution and 3D as opposed to 2D in the echo approach to LV assessment. Therefore MRI should be considered as a reference method while echo seems to possibly underestimate LV wall thickness and overestimate LA dimension in HCM.
Moreover, our findings emphasize that MRI can provide additional information of which myocardial fibrosis is the most relevant.
Influence of myocardial fibrosis on left ventricular diastolic function in children with hypertrophic cardiomyopathy
Myocardial hypertrophy is often accompanied by myocardial fibrosis. Histology revealed increased amounts of fibrous tissue not solely in the interventricular septum, but also in the LV free wall and even in the right ventricle [14] . It is considered that myocardial fibrosis is the consequence of microvascular ischemia, which triggers apoptosis and collagen deposition [15] . Our study demonstrated that children with HCM had a high prevalence of myocardial fibrosis (60%). Recent studies using new imaging modalities such as MRI with LGE indicated that myocardial fibrosis was associated with LV dysfunction [16, 17] . In adult patients with HCM, the presence of fibrosis according to MRI correlated with LV wall thickness and LA size [18] [19] [20] . Similarly, the results of our study showed that children with myocardial fibrosis had significantly increased septum thickness, a higher LVPWT, and significantly larger LA dimension and volume index on echocardiography compared to patients without fibrosis. Prinz et al. [21] reported that LV and LA size correlated with the presence and severity of fibrosis on MRI in adult patients with HCM. It should be particularly noted that in our study impaired LV diastolic function was found significantly more often in children with myocardial fibrosis. As many as 47% of children with fibrosis had severe LV diastolic dysfunction as compared to 8% of patients without fibrosis.
On the other hand, almost 30% of subjects with myocardial fibrosis had normal diastolic function defined as indexed left atrial area. It seems that further prospective studies in the field are necessary, as possibly diastolic dysfunction develops later with the progression of myocardial fibrosis. Furthermore, it should be emphasized that with the available data it appears that the correlation between diastolic function and hypertrophy and
LGE is relevant and significant at the population level, but it may fail in a single patient. In our study group obstructive HCM and systolic pressure gradient > 30 mm Hg were significantly more frequent in children with fibrosis. To our knowledge, the occurrence and role of myocardial fibrosis have been assessed in only a few studies in children [22] and in adults with HCM [23, 24] .
Usefulness of echocardiography with tissue Doppler imaging in the evaluation of left ventricular diastolic dysfunction in children with hypertrophic cardiomyopathy and myocardial fibrosis
Conventional echocardiographic Doppler indices that evaluate diastolic ventricular function are suboptimal, mostly because of their dependence on loading conditions [25] . Among adults with HCM, transmitral Doppler inflow velocities have been shown to correlate poorly with symptoms, exercise capacity, mean LA pressure, and LV hypertrophy [25] [26] [27] . In the study of McMahon et al. [26] it was found that in children with HCM, transmitral E-and A-wave velocities failed to distinguish between patients who reached the clinical end points. Significant variation in mitral inflow velocities with altered loading conditions makes this an unreliable echocardiographic predictor of diastolic dysfunction in children with HCM [26] . Similarly, the results of our study indicated that transmitral E-and A-wave velocities did not differentiate patients with or without myocardial fibrosis and LV diastolic dysfunction.
Tissue Doppler imaging should be used with standard echocardiographic measurements to estimate LV filling pressure in patients with HCM. Previous results, using early mitral inflow to early diastolic mitral annular velocity ratio (E/E′) as a non-invasive measure of increased LV filling pressure and thus LV diastolic dysfunction, suggested a significant link between high LV filling pressures and myocardial fibrosis in patients with HCM [27] [28] [29] . Our results are comparable and showed that MRI-based presence of myocardial fibrosis was strongly correlated with tissue Doppler velocity indices. To our knowledge this is the first study to demonstrate that children with myocardial fibrosis in MRI have significantly lower lateral and septal early diastolic tissue velocities (E′) as well as a significantly higher lateral and septal E/E′ ratio compared to patients without fibrosis. Ellims et al. [30] reported similar findings in an adult population with HCM. In adult studies, increased LV end-diastolic pressure is consistent with an increased E/E′ ratio, and this may play a significant role in the development of symptoms, worsening NYHA class, and impairment of LV diastolic function [31] [32] [33] [34] . McMahon et al. [26] demonstrated that high septal E/E′ ratio predicted major clinical events and risk of death in children with HCM. The results of our research, like the study of Avegliano et al. [35] , showed that the presence of dynamic LVOTO affected the degree of LV diastolic dysfunction (mitral annular E′ velocity was significantly lower and the E/E′ ratio was significantly higher in patients with LV obstruction compared to children without obstruction). Other authors also emphasize the important pathophysiological role Figure 3 . A -Tissue Doppler imaging demonstrating lateral mitral annulus velocity in patient with hypertrophic cardiomyopathy without myocardial fibrosis and normal diastolic function. B -Tissue Doppler imaging demonstrating lateral mitral annulus velocity in patient with hypertrophic cardiomyopathy, with myocardial fibrosis and diastolic dysfunction. Note that the patient with diastolic dysfunction had a decreased early diastolic annular velocity E′ but an increased late diastolic velocity A′, resulting in E′/A′ reversal and an increased E/E′ ratio, which is typical for left ventricular diastolic dysfunction
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of LVOTO in patients with HCM, and they suggest performing obstruction-provoking tests such as sublingual spray application of isosorbide dinitrate and the Valsalva maneuver for evaluation of LVOT obstructions, which are clinically relevant and can be managed using specific surgical and non-surgical interventions [36] . As in the study by Wu et al. [37] , the results of our research showed that LA enlargement was significantly associated with tissue Doppler-based diastolic dysfunction and abnormal tissue Doppler imaging velocities.
Clinically, the results of our study demonstrated that children with HCM and myocardial fibrosis had increased prevalence of tissue Doppler-based LV diastolic dysfunction. Determining the presence of myocardial fibrosis in MRI may be helpful in the identification of children with diastolic dysfunction when correlated with tissue Doppler imaging variables.
There were some limitations in our study design. The presence of myocardial fibrosis in the left ventricle was visually analyzed, along with late gadolinium enhancement distribution pattern and location. The study lacked quantitative assessment of myocardial fibrosis identified by late gadolinium enhancement, which will be examined in further studies.
In conclusion, myocardial fibrosis in children with hypertrophic cardiomyopathy was associated with markers for disease severity such as greater septum thickness, enlargement of the left atrium as well as impairment of left ventricular diastolic function. Echocardiography with tissue Doppler imaging is a feasible and sensitive method for evaluating left ventricular diastolic dysfunction in children with hypertrophic cardiomyopathy and myocardial fibrosis. The transmitral lateral and septal E/E′ ratio allows early detection of left ventricular diastolic dysfunction in children with hypertrophic cardiomyopathy.
